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We reveal an ultrafast purely electronic phase transition in Ta2NiSe5, which is a plausible excitonic insulator,
after excited by an ultrafast infrared laser pulse. Specifically, the order parameter of the strong electron-hole
binding shrinks with enhancing the pump pulse, and above a critical pump fluence, a photo-excited semimetallic
state is experimentally identified with the absence of ultrafast structural transition. In addition, the bare valence
and conduction bands and also the effective effective masses in Ta2NiSe5 are determined. These findings and
detailed analysis suggest a bare nonequilibrium semimetallic phase in Ta2NiSe5 and the strong electron-hole
binding cannot be exclusively driven by Coulomb interaction.
I. INTRODUCTION
In narrow gaped semimetals or semiconductors the bound
electron-hole pairs will create a clean energy gap when the
binding energy exceeds the band gap, resulting an excitonic
insulating phase1–3. The excitonic insulating transition is
purely electronic origin, and the ground state is analogous to
that of the BCS superconductivity but with a diagonal kind
of order. It is hard to realize such a novel insulating phase
in elements of semimetals such as As, Sb, and Bi because of
the small electron-hole binding energies due to the high di-
electric constants and small effective masses. Only in recent
years, such novel electronic phase was proposed in strongly
correlated systems, such as 1T-TiSe24, TmSe0.45Te0.555,6, and
Ta2NiSe57,8, and also in the interface of InAs/GaSb bilayers9.
However, strong electron-hole binding induced charge den-
sity wave or structural phase transition usually happens at the
same critical temperature, making it difficult to distinguish
the excitonic insulating phase from those transitions exper-
imentally. Experimental evidence of the purely electronic
phase transition is necessary in isolating the excitonic insu-
lating physics in materials.
Ta2NiSe5, a layered compound stacked by weak van der
Waals force, shows a second order phase transition at 326
K while the crystal structure transfers from a orthorhom-
bic structure to a monoclinic phase at the same critical
temperature8,10–12. An energy gap of about 0.15 eV is devel-
oped below the transition temperature (Tc) from optical and
also photoemission spectroscopies, and it evolves smoothly
crossing the Tc8,13. It was generally believed to be an exci-
tonic insulator due to strong Coulomb interaction between the
Ni 3d-Se 4p hybridized hole and the Ta 5d electron with posi-
tively gaped bare valence and conduction bands at the Γ point,
favoring the BEC phase transition5,7,14–18, and only recently a
possible semimetal picture is established19–26. As a strongly
correlated material, there is lack of theory to calculate the bare
dispersions in Ta2NiSe5 precisely, and usually modeled bare
valance and conduction bands are adopted to fit the occupied
excitonic band dispersion to extract the order parameter and
also the bare bands8. A modeless method to determine the
bare bands and also the effective masses is important in un-
derstanding the excitonic insulating physics in Ta2NiSe5.
Time- and angle-resolved photoemission spectroscopy
(TrARPES) is capable of tracking the ultrafast electronic dy-
namics after melting the electron-hole pairs by ultrafast pho-
ton excitations and then determining the bare dispersions. In
this paper we will report an observation of the ultrafast purely
electronic phase transition in Ta2NiSe5 by trARPES. We find
that laser pumping greatly reduces the electron-hole binding
induced energy gap without an ultrafast structural transition.
Above a critical fluence, bare conduction and valence bands
with negative band gap at the Γ point are clearly evidenced
in the nonequilibrium spectra. With trARPES data of high
momentum and energy resolutions and the mean field ground
states of an excitonic insulator, the bare dispersions of both the
electron and hole bands and the effective masses are solved
from the experimental time-dependent non-equilibrium Bo-
goliubov dispersions. Detailed analysis suggests a bare semi-
metallic state in Ta2NiSe5 and the strong binding energy of
the exciton cannot be a result of only Coulomb interaction.
II. EXPERIMENTAL DETAILS
In our trARPES experiments27, an infrared pump laser
pulse (hν=1.77 eV) with the pulse duration of 30 fs, repetition
rate of 500 kHz, and the polarization perpendicular to the Ta
and Ni chains drives the sample into a non-equilibrium state.
An ultraviolet probe laser pulse (6.05 eV) subsequently pho-
toemits electrons, which are captured by a hemispherical ana-
lyzer in an ARPES setup. The polarization of the probe beam
is also perpendicular to the Ta and Ni chains. The overall time
resolution is 130 fs and the energy resolution is 19 meV in the
measurements. Ta2NiSe5 single crystals were grown by the
flux method and cleaved under ultrahigh vacuum condition
with a pressure better than 3.5×10−11 Torr.
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FIG. 1. Temperature dependence of equilibrium photoemission spectra near the Γ point along the Ta and Ni chains. (a) Photoemission
intensity as a function of energy and momentum at temperatures from 20 to 350 K. (b) Corresponding curvature images of the spectra shown
in panel (a). (c) Temperature dependent energy distribution curve at the momenta of the band top (red dashed line cut in panel (a)). (d) Energy
gap of the bands #1 and binding energy of band #2 and the FWHM at the band top and also the FWHM at Γ of the band #1 as functions of
temperature from panel (c).
III. RESULTS AND DISCUSSION
Figure 1 shows the temperature dependence of the equi-
librium photoemission spectra. Clear “Mexican-hat” disper-
sion (band #1), which is a signature of band mixing of the
conduction and valence bands due to strong electron-hole
interaction28, can be evidenced at temperature from far be-
low Tc to above Tc (panels (a) and panel (b)). In addition,
the other high energy band (band #2) with band top sitting
at ∼ -0.53 eV and a faint dispersion with band top at ∼ -
0.35 eV can be evidenced. Both the bands #1 and #2 shift
to lower binding energies with heating the sample, as shown
in the temperature dependent energy distribution curve (EDC)
at the momenta -0.095 A˚−1 where the band is closest to the
Fermi energy (panel (c)). Far below the transition temperature
at 20 K, the band #1 shows an energy gap of ∆ ∼ 0.15 eV,
which is the excitonic insulating order parameter and the 2∆
is consistent with the tunneling spectroscopic results24. The
energy gap shrinks smoothly to 0.08 eV at 375 K (panel (d)),
agreeing with previous reports8,13,29. Moreover, the scattering
rate of the electron-hole mixing states shows an abrupt drop
from∼0.22 eV at Γ (∼ 0.16 eV at the band top) above Tc to∼
0.1 eV at low temperature, consistent with an optical study29.
Since the electronic states near the gap edge are analogous to
the Bogoliubov dispersion in BCS theory, in which the quasi-
particle lifetime (scattering rate) is related to the condensation
of the Cooper pairs, the abrupt drop of scattering rate near
Tc here is a signature of the condensation of excitons. The
absence of a temperature scale at Tc in energy gap and the
enhancement of the quasiparticle lifetime below Tc is a sig-
nature of BEC, analogous to the precursor pairing scenario in
cuprate high-temperature superconductivity30. The energy of
the band #2 drops from -0.40 eV at 375 K to -0.54 eV at 20
K, and exhibits a transition at Tc, which might be a result of
structural transition and less screening effect below Tc.
In Fig. 2 we use ultrafast laser pulses to excite the sample
to reach higher electronic temperature. With a pump fluence
of 0.19 mJ/cm2, the energy gap at 0.3 ps is greatly reduced
and the nonequilibrium spectra clearly shows two branches of
the mixed conduction and valence bands (panel (a)), which
are still gaped as analyzed later. The upper branch is still dis-
tinguishable at 1.2 ps. With a repetition rate at 500 kHz and a
base temperature at 30 K, little laser induced heating effect is
noticed even for the highest pump fluence used (supplemental
discussion #1 and Fig. S1)31. The electronic states recover
slowly but not fully to its equilibrium value for the longest
delay time (8 ps) measured in this experiment. In addition,
the time-resolved intensity at the momenta of the band top
(panel (b)) clearly shows that the bands #1 and #2 oscillate
in energy at some frequencies which will be discussed later
on. Consistent with reported by Mor et al.32, photo-voltage
effect is absent in this material (supplemental discussion #2
and Fig. S231). The observed pump-induced energy bands
shifts cannot be a result of photo-induced Stark effect, which
usually happens only in a short time scale and shifts the band
to higher binding energy33,34.
We find that the with higher pump fluence the intensity of
non-equilibrium electrons recovers slower and the initial re-
covery rate (supplemental discussion #331) saturates above a
critical pump fluence ∼ 0.29 mJ/cm2 (Fc) (panels (c) and (e)
in Fig. 2). The slower recovering rate at higher pump fluence
is possibly due to smaller nonequilibrium gap and stronger
screening effect with more excited charge carriers. It is differ-
ent from pumping a superconducting system that the recom-
bination of non-equilibrium electrons is faster with more ex-
cited non-equilibrium electrons, captured by the bimolecular
model35. With pumping harder, the low energy peak moves
3-0.6
-0.4
-0.2
0
0.2
0.4
E 
- E
F 
(e
V)
80
60
40
20
0
0.40.20
Fluence (mJ/cm2)
1.4
1.2
1.0
0.8
0.6
0.4
D
ecay rate (ps
-1)In
te
ns
ity
 (a
. u
. )
-0.2 0
E - EF (eV)
(a)
(b)
(c)
(d) (e)
Decay rate
Momentum (Å-1)
-0.4
0.0
0.4
E 
- E
F 
(e
V)
In
te
ns
ity
 (a
. u
.)
543210
 1
2
mJ
cm0.03
0.1
0.16
0.22
0.29
0.32
Delay (ps)
- 0.4 ps 0.3 ps 1.2 ps 2.4 ps 5 ps
0.
3
/
(%
)
eq
∆
∆
0.3 / eq∆ ∆
-0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2
cF
FIG. 2. Pump-induced energy gap change at 30 K. (a) Time-resolved
photoemission spectra with the pump fluence at 0.19 mJ/cm2. (b)
Photoemission intensity as a function of energy and delay time at
the momentum of band top (red dashed line cut in panel (a)). (c)
Intensity of pump-induced non-equilibrium electrons integrated in
the energy window 0.1 eV above the Fermi energy as functions of
delay time at different pump fluences. All the curves are normalized
to the same height. (d) Energy distribution curves at the momenta of
the band top and delay time 0.3 ps for the same pump fluences. (e)
The pump induced change of energy gap from the panel (d) and the
decay rate of non-equilibrium electrons as functions of pump fluence.
closer towards the Fermi level (panel (d)). The energy gap is
dramatically suppressed to less than 15% of the whole gap and
saturates at the same pump fluence of ∼ 0.29 mJ/cm2 as that
of the non-equilibrium quasiparticle decay rate (panel (e)).
We note that the transient electronic temperature at the critical
pump fluence is nearly 2000 K (supplemental Fig. S431). The
residue energy gap of 15% is possibly attributed to the band
avoided crossings at generic points in Brillouin zone. These
results indicate that with pump above the Fc the system under-
goes an ultrafast electronic transition from an excitonic insu-
lating state to a semimetalic state. The reported enhancement
of the energy gap by Mor et al.32 is absent in our measure-
ments with much lower equilibrium temperature and different
pump wavelength.
Figure 3 shows the pump-induced band shifts as a function
of delay time. Interestingly, at the highest pump fluence, the
pump-induced maximum shift (∼ 0.13 eV) of the band #1 top
(panel (a3)) is 0.07 eV larger than that of the equilibrium shift
(∼ 0.06 eV) between 20 and 330 K (Fig. 1 (d)), while for
the band #2 (panel (a1)) the pump-induced maximum shift (∼
0.09 eV) is 0.04 eV less than the equilibrium shift (∼ 0.13
eV). The above difference suggests that the probed ultrafast
dynamics is not a laser-induced heating effect. For the band
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FIG. 3. Time-resolved energy and momentum dependent band shifts
measured at 30 K. (a1)-(a4) Time-resolved band shifts at different en-
ergies and momentum with pump fluences of 0.1 mJ/cm2 (below Fc)
and 0.32 mJ/cm2 (above Fc) at positions noted in the corresponding
insets of each panel. The dashed lines are the incoherent part fitted
to a function combined by an exponential decay function and a cu-
bic function. (b1)-(b4) Energy shifts after removing the incoherent
part shown in panels (a1)-(a4). Similar curves measured at other four
different pump fluences are shown, and the curves are offset by 0.02
eV from low to high pump fluences. (c1)-(c4) The corresponding
Fourier transform magnitudes of the curves shown in panels (b1)-
(b4). Fourier transforms are done between 0.95 ps and 8 ps, and the
results are offset by 0.1 from the bottom to the top.
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FIG. 5. The bare valence and conduction bands from time-
resolved electronic qusiparticle dispersions with a pump fluence of
0.19 mJ/cm2 measured at 30 K. (a) The underlying bare valence (εvk)
and conduction bands (εck) extracted from the experimental equilib-
rium dispersion Eck at -0.4 ps and non-equilibrium dispersion E
v
k at
0.3 ps. (b) Calculated quasiparticle energies (Eck(t) at -0.4, 0.3, 1.1,
and 1.85 ps and Evk(t)) at 1.1 and 1.85 ps from the bare valence (ε
v
k)
and conduction bands (εck) in panel (a) on top of the curvature images
of non-equilibrium spectra.
#1, the shift is larger at the momenta closer to the Fermi en-
ergy (panel (a2)-(a4)), consistent with the scenario that band
#1 is hybridized due to electronic correlations. Ultrafast band
oscillations in energy are clearly identified after removing the
incoherent background (panels (b1)-(b4)). At least five modes
can be identified at ∼ 1, ∼ 3, ∼ 3.7, and ∼ 5.8 THz, which
have A1g symmetry, and at 2.1 THz of the B1g phonon (panel
(c1))18,36–39. All the phonon modes are shown up in the whole
pump range and show little pump fluence dependence in their
frequencies. The magnitudes of the 1 THz, 2.1 THz, and 3.7
THz modes are almost fluence independent while the magni-
tudes of the 3 THz mode is greatly enhanced with increasing
the pump fluence as shown in Figure 4 . However, in band
#1 the 1 THz mode is nearly absent (panel (c2)-(c4)), and at
the Γ point there is no signature of the frequency at 3 THz
(panel (c4)). The absence of the 1 THz mode at the gap edge
is not consistent with the scenario that this mode is strongly
coupled to the excitonic condensation from ultrafast optical
experiment18. The underlying mechanism of energy and mo-
mentum dependence of these coherent phonon modes is out
the scope of our current study and needs to be explored theo-
retically in the future.
It is clear in Fig. 3 that the pump-induced shifts of band
#2 oscillate synchronously exactly at the same phases and fre-
quencies at any delay time for pump fluences both above and
below the Fc (panels (b1), and (c1)-(c4)). However, it has
been evidenced that the phonon modes at 2.1 THz is miss-
ing above the Tc40. The pump fluence independent coherent
phonon modes indicates that the sample holds its low temper-
ature monoclinic structure and does not undergo an ultrafast
structural transition above the Fc, consistent with the ultra-
fast optical reflectivity experiments with much higher pump
fluence40. The observation confirms that the pump-induced
ultrafast electronic phase transition in Fig. 2 is purely elec-
tronic origin.
In Fig. 5(a), the quasiparticle energies as a function of
momentum below the Fermi energy in equilibrium state
(Evk(−0.4)) at -0.4 ps and excited state (Evk(0.3)) at 0.3 ps
are extracted by tracking the EDC peaks at different momen-
tum from the spectra shown in Fig. 2(a) (Supplemental Fig.
S531). From a mean field theory of the excitonic insulat-
ing physics3,15,19, the quasiparticle energies of the conduction
(Eck) and valence (E
v
k ) bands are given by
Eck =
εck + ε
v
k
2
+
√
(εck − εvk)2/4 + ∆2, (1)
and
Evk =
εck + ε
v
k
2
−
√
(εck − εvk)2/4 + ∆2, (2)
in which εck and ε
v
k are the bare conduction and valence bands
without electron-hole interaction, and the energy gap (order
parameter ∆) is the energy difference between the band top
and the Fermi energy, taking the energy gap of band #1 shown
in Fig. 1(d) for an example. Since exciton is dispersionless
near the Γ point41, it is reasonable to expect the same energy
gap in the small momentum region shown in the Fig. 5. With
an assumption of nearly pump independent bare dispersions,
the εck and ε
v
k at each momenta can be obtained by solving the
Eq. 2 from two sets ofEvk and the corresponding energy gap at
two separate delay time.The εck and ε
v
k in the Fig. 5(a) are the
solutions ofEvk(−0.4) andEvk(0.3). The experimental energy
gaps at delay time -0.4, 0.3, 1.1, and 1.85 ps are 0.147, 0.041,
0.118, and 0.09 eV, respectively (Supplemental Fig. S531).
The obtained εck and ε
v
k show the semimetallic feature near
the Fermi energy with a negative energy gap of about 0.285
eV, which cannot be fully captured by a tight-binding model
free of excitonic interaction20. In Fig. 5(b), with the obtained
bared dispersion and the energy gap at each delay time from
experiments, the Eck at each delay time and also the E
v
k at 1.1,
and 1.85 ps are calculated using Eqs. 1 and 2. Amazingly,
the calculated Eck at 0.3 ps coincides with the measured states
above the Fermi energy very well and the Evk at 1.1 ps, and
1.85 ps is consistent with the measured dispersions below the
Fermi energy (panel (b) and Supplemental Fig. S531), and this
in turn confirms that the assumption of pump independent bare
bands is reasonable here and the pump-induced chemical po-
tential shift is negligible compare to the size of order parame-
ter. These results show that in the momentum region probed in
this experiment the quasiparticle dispersion in Ta2NiSe5 can
be well captured by the mean-field theory with an order pa-
rameter. As a pure electronic originated phase transition, the
order parameter here is very likely related to the excitation in-
sulating phase, since there is no other phase founded in this
material. However, the obtained large order here parameter
can be a combined result of pure electron-hole interaction and
other strong many-body effect such as electron-phonon cou-
pling as discussed later on.
The determined effective masses of the bare valance (mv)
and conduction (mc) bands from Fig. 5(a) are ∼0.23me and
∼0.34me, whereme is the free electron mass. Previous exper-
iments revealed that the effective exciton binding energy EB
in Ta2NiSe5 at low temperature is higher than 100 meV29,
which is reasonable . If such strong electron-hole binding
5is exclusively driven by electron-hole Coulomb interaction,
from EB = mcmv2me(mc+mv)2 · Ry3, the estimated effective
dielectric constant  is <3. For a low dimensional system,
the effective dielectric constant would be many times smaller
that the measured, but however, the estimated dielectric con-
stant here is more than one order smaller than the experi-
mental result of ∼70 along the chain direction ∼40 perpen-
dicular to the chain37, indicating that the strong binding in
Ta2NiSe5 cannot only a result of Coulomb interaction. Other
many-body effects, such as electron-phonon coupling, play
important roles in driving such strong electron-hole interac-
tion in Ta2NiSe524,42. However, we claim that mean-field
Eqs. 1 and 2 are still available in a narrow momentum re-
gion near the Γ, analogous to the application of the BCS for-
malism in describing the superconducting electronic states of
cuprates43.
IV. CONCLUSIONS
In summary, by ultrafast photon pulse excitation, the
Ta2NiSe5 undergoes an ultrafast electronic phase transition
with holding its monoclinic crystal structure, suggesting that
in Ta2NiSe5 the low temperature energy gap is a result of
strong electron-hole interaction and the ultrafast phase tran-
sition is purely electronic origin. The negative gaped bare dis-
persions near the Fermi energy are determined experimentally.
Our results and analysis suggest that the only electron-hole
Columb interaction cannot be strong enough to induce the ob-
served strong electron-hole interaction and thus many-body
effects of electrons interacting with the other freedom such
as lattice and orbit must be considered in further theoretical
studies.
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Supplemental discussion #1: laser induced heating effect
The repletion rate of our trARPES system is tunable by 500/n kHz (n = 1, 2 , 3...), and we
set n = 1 during the measurement. It is hard to determine the laser induced heating effect (the
electronic temperature before t0) of the pump beam by simply fitting the Fermi edge because of
the large energy gap at low temperature in Ta2NiSe5. The cryostat we use is normally running
at 4.5 K, but to reduce the laser heating effect, we ran the experiment at 30 K. We note that the
heat capacity is ∼ 50Jmol−1K−1 at 30 K which is tens of times larger than that at 5 K[? ]. In
addition, we checked the gap size before t0 and the equilibrium gap size measured without pump.
For the highest pump fluence measured at 30 K, the energy gap before t0 is 0.142 eV, which
is comparable to the equilibrium (no pump) energy gap of about 0.144 eV at 30 K (Fig. S1).
Although it is hard to determine the exact temperature before t0, we can believe the temperature
is far below the Tc from the temperature dependent energy gap shown in the Fig. 1(d) of the
main text, and this can be further evidenced from the nearly fluence independent pump-induced
coherent phonon modes shown in Fig. 3 in the main text.
Supplemental discussion #2: low energy cut-off
There is an energy of cut-off at hν − Φ (Φ, sample work function) below the Fermi energy
in photoemission. Panel (a) of Fig. S2 shows the original EDCs at Γ measured at 0.4 ps and 0.3
ps respectively with the highest pump fluence 0.32 mJ/cm2. We can see that the intensity near
the cut-off energy is reduced by nearly half due to the pump-induced shift of band #2. After
normalizing the height near the cut-off as show in panel (b), it is clear that there is little pump
induced energy shift at this cut-off. The result shows that the photovotage effect is negligible in
the measured sample up to the highest pump fluence we used.
Supplemental discussion #3: the initial decay rate
The initial decay rate (γ) of non-equilibrium electrons is extracted by fitting the decay curves
shown in the Fig. 2(c) in the main text and also in Fig. S3 to an exponential decay function
(Eq. S1). The decay function is an exponential decay convolved by an Gaussian resolution function
g(t) = e−4ln2t
2/R2t , in which Rt is the time resolution of 0.13 ps here. To capture only the initial
dynamics, fittings are applied on the data points between 0.3 and 2 ps.
I(t) = C0
∫
e−t/γg(t− t′)dt′ (S1)
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FIG. S1: EDC without pump and the EDC measured at -0.4 ps with a pump fluence of 0.32mJ/cm2. Both
of the EDCs are at the momenta of the band top (red dashed line cut in Fig. 1(a) in the main text). The
sample base temperature is 30 K and the repetition rate of the laser is set to 500 kHz.
Supplemental discussion #4: chemical potential and sample stoichiometry
We use an energy-resolution convolved Fermi distribution function to fit the momentum inte-
grated intensity as a function of energy with pump fluence above the critical pump fluence in the
Fig. S4. The spectrum is obtained at the delay time 0.3 ps with pump fluence 0.29 mJ/cm2. In
the fitting, the chemical potential and electronic temperature are free parameters. The fitting result
shows that the chemical potential is almost at the same energy as the Fermi energy of the ARPES
system. Although it is hard to experimentally estimate the chemical potential in the gapped states
below the critical pump fluence or at longer delay time, in which the electronic temperature is
much lower, it is reasonable to assume the chemical potential is still near the Fermi energy.
It is hard to check the stoichiometry of the sample experimentally since the sample is always
gaped up to room temperature and the conduction and valence dispersions are hard to resolve.
We assume the sample we studied is near stoichiometric for the following reasons: 1) the com-
pound was synthesized with stoichiometric ratio of elements; 2) the equilibrium energy gap 2*δ
we measured is consistent with the optical and tunneling gap in similar samples[? ? ]; 3) with such
assumption, the solved conduction band and the top of the valence band match the experimental
result after killing the gap (the spectra at 0.3 ps in Fig. 5(b) of in the main text).
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FIG. S2: (a) The original EDCs at Γ measured at 0.4 ps and 0.3 ps respectively with the highest pump
fluence 0.32 mJ/cm2. (b) EDCs after normalized near the low energy cut-off.
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FIG. S3: EDCs from Fig. 2(c) in the main text and the fittings to extract the initial decay rate of non-
equilibrium electrons.
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FIG. S4: The non-equilibrium electronic temperature at a delay time of 0.3 ps measured with a pump
fluence of 0.29 mJ/cm2.
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FIG. S5: Time-resolved photoemission spectra with pump fluence at 0.19 mJ/cm2. (a) Photoemission
intensities as a function of momentum at pump-probe delay time at -0.4 ps, 0.3 ps, 1.1 ps, and 1.85 ps. The
red and green curves are the same Evk and E
c
k as that shown in Fig. 4(b) in the main text. (b) and (c), EDCs
(red curves) from momentum -0.25 A˚−1 to 0.25 A˚−1 at the delay time -0.4 ps and 0.3 ps, respectively. (d)
EDCs at momentum 0.095 A˚−1, i.e., the band top of Evk . The blue curves are the Lorentzian (with a linear
background) fits to extract the peak positions and energy gaps.
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